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ABSTRACT
DEVELOPMENTAL DYNAMICS OF PIRIFORM CORTEX
Amy A. Sarma1, Marion B. Richard1, and Charles A. Greer1,2,3. Departments of
1

Neurosurgery, 2Neurobiology, and 3Interdepartmental Neuroscience Program, Yale

University School of Medicine, New Haven, CT.

The piriform cortex (PCX) is a trilaminar paleocortex that is of interest for its role in odor
coding and as a model for studying general principles of cortical sensory processing.
While the structure of the mature PCX has been well characterized, its development is
poorly understood. Notably, the kinetics as well as the cellular and morphological basis
of the postnatal events that shape the PCX remain unknown. We followed the cellular
fates of early- versus late-born cells in layer II of the anterior PCX, with a focus on the
molecular maturation of pyramidal cells and the kinetics of their differentiation. We
showed that: 1) early-born pyramidal cells differentiate more rapidly than late-born cells;
and 2) the position of pyramidal cells within the thickness of layer II determines the
kinetics of their molecular maturation. We then examined the postnatal development of
cortical lamination and showed that the establishment of inhibitory networks in the PCX
proceeds through an increase in the density of inhibitory synapses despite a decrease in
the number of interneurons. Together, our results provide a more comprehensive view of
the postnatal development of the anterior PCX and reveal both similarities and
differences in the development of this paleocortex versus the neocortex.
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INTRODUCTION
Information processing by cortical networks is critical for normal sensory
perception, memory, cognition, and motor responses to the environment. The piriform
cortex (PCX) is a paleocortex, one of the architecturally simplest and evolutionarily
oldest cortices. It constitutes the third step in the pathway of odor information processing,
after the olfactory epithelium and bulb. In contrast to the six-layered neocortex, the PCX
is a three-layered, or trilaminar, structure. However, like neocortex the PCX has a wellestablished layer-specific distribution of afferents and efferents (1). Understanding the
organization of the PCX is essential for interpreting the mechanisms underlying odor
coding. Further given its relatively simple anatomy, it has attracted interest as a model for
studying general principles of the formation and function of sensory cortical circuitry (2,
3).
Afferent input to the PCX is provided by axons of mitral and tufted cells
travelling from the olfactory bulb in the lateral olfactory tract (LOT) (4). The projection
neurons of the PCX, superficial and deep pyramidal cells, are located in layers II and III
respectively, and extend apical dendrites into layer I. Pyramidal cell dendrites establish
synaptic connections with LOT axons in the superficial portion of layer I (termed layer
Ia) and with intracortical association fibers in the deeper aspect of layer I (termed layer
Ib) (3). Layer II can be further subdivided into the superficial layer IIa and a deeper layer
IIb, characterized by low and high cell packing densities respectively (5). Semilunar cells
are a specific population of neurons located in the superficial-most aspect of layer II that
lack basal dendrites and exhibit firing properties and functions that differ from pyramidal
cells (1, 3, 6-9). In contrast to pyramidal cells, for example, semilunar cells apoptose
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hours after olfactory bulbectomy and days after naris occlusion, suggesting that they are
more sensitive to afferent input than are pyramidal cells (10-12).
GABAergic interneurons are found in all layers and modulate the activity of
pyramidal neurons (2, 13-17). Subpopulations of GABAergic interneurons have been
classified according to their morphology, electrophysiological properties, and expression
of specific molecular markers: calbindin, parvalbumin, vasoactive intestinal protein,
somatostatin, or a combination thereof (2, 13, 14, 18). Further, interneuron
subpopulations adhere to strict laminar distributions (13). Neurogliaform and horizontal
cells are found in layer I, with horizontal cells further confined to layer Ia. Neurogliaform
and bitufted cells are present in layer II, with bitufted cells immunoreactive for
vasoactive intestinal protein. Fast-spiking multipolar cells are located in both layers II
and III, while regular-spiking multipolar cells are present only in layer III. Both cell types
receive associational input from layers Ib, II, and III. 75% of fast-spiking multipolar cells
are calbindin-positive, 43% express parvalbumin, and 33% express both, without any
electrophysiological differences noted between these subtypes. 80% of regular-spiking
multipolar cells are immunoreactive for somatostatin. Although fewer interneuronal
subtypes have been described in the aPC as compared to the neocortex (2, 13), inhibitory
mechanisms nonetheless play a significant role in odor coding (17, 19).
PCX can be divided into anterior and posterior divisions, each with distinct
anatomical and functional properties (3, 12, 20, 21). Anatomically, the aPC is identified
by its adjacency to the LOT (2, 3, 9). In addition, layer II is thicker in the aPC than the
posterior PCX, whose layer III is more densely packed (22). Given that afferent input to
the posterior PCX is less dense, intracortical input is presumably more important for this
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cortex than the aPC (12). Functional differences between the aPC and posterior PCX are
suggested by the fact that odor-evoked Fos labeling is organized in rostrocaudally
oriented bands in the aPC but is broadly distributed in the posterior PCX (23). Further,
while the organization of Fos labeling shifts from a position deep to the LOT from
postnatal day (P) 3 through P7 to a dorsal position from P10 onwards, the distribution of
Fos labeling does not change developmentally in the posterior PCX, indicating
fundamental developmental differences between these two cortices (23). Given these
differences between the aPC and posterior PCX, the developmental analysis in this thesis
focuses solely on the aPC.
While the structure of the adult PCX is well characterized, the development and
maturation of this paleocortex is less well understood. The first neurons appear in the
mouse olfactory cortex on embryonic day (E) 10 (see (24) for review). Before the first
mitral and tufted cells extend axons toward the rostral telencephalon at E11.5, a specific
set of cells that originate from the ventricular zone of the neocortex have migrated
ventrally and tangentially to occupy the future LOT (25-27). These cells express the
monoclonal antibody lot1 and have thus been termed “LOT cells” (25). Mitral cells axons
appear to grow along the scaffold of LOT cells and in their absence, the LOT does not
form (25). It has thus been proposed that the LOT cells act as “guidepost cells”, defined
as non-contiguous cells that first populate a pioneer pathway and form a framework along
which pioneer axons grow (28). Mitral and tufted cell axons are first visible in the
position of the future LOT between E12 and E14 (27, 29, 30). At this stage, they possess
few varicosities along their length and do not exhibit collateral branching (27). There is a
significant increase in the number of axons contributing to the LOT by E15.5, at which
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point en passant synapses can be identified along axons. The LOT appears fully formed
by E16 when it has reached the caudal aspect of the telencephalon (29). Collaterals
develop primarily between E17 and P0 and at this time, the aPC and posterior PCX are
fully innervated. From P0 through P15, axons continue to increase in length and degree
of collateral branching.
Early studies reported both differences and similarities in the development of
PCX and neocortex. For example, although the rat PCX lacks an embryonic cortical plate
(20), it develops in an “inside-out” fashion as does the neocortex (31) as suggested by
injections of [3H]thymidine (9, 22). Bayer (1986) found that 65% of cells in layer III of
the rat aPC were born between E12 and E15 while 76% of cells in layer II were born
between E16 and E20, indicating that earlier-born cells settled more deeply in the cortex
than later-born cells. Valverde and Santacana (1994) similarly report that layer III cells of
the rat primary olfactory cortex are generated earlier (E12-E13) than layer II cells (E14E15).
Many events continue to shape PCX functional connectivity during postnatal
development. In rats, myelination of the LOT does not commence until after P5 and is
still ongoing at P21 (32). Although layers Ia and Ib exhibit less than 10µm of overlap and
are thus highly segregated in the adult PCX, projections from the olfactory bulb and
intracortical fibers are intermingled at P1, and adult-like lamination does not develop
until P7, as associational fibers retract from the superficial aspect of layer I during the
first postnatal week (21). Intracortical projections do not assume their adult distribution
until the middle of the first postnatal week (20), and the inhibitory response to LOT
stimulation is not mature until approximately P17 (33). Superficial and deep pyramidal
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cells exhibit immature morphology until P8 (9), and although the basic structural
architecture of the adult PCX is present at this age, it is still maturing (20).
Synaptogenesis continues over the first couple of weeks (34), with the synaptic density of
layer Ia increasing from 4.6% of adult density at E19 to 12.5% at P0 to 37.2% at P10
(32). Finally, evidence that adult-like spatial distribution of odor-evoked Fos labeling
does not emerge until P10 (23) suggests that mature olfactory coding may not develop
until the second postnatal week.

STATEMENT OF PURPOSE, SPECIFIC HYPOTHESIS, AND SPECIFIC AIMS
While it is evident that many crucial events in the development of the aPC occur
postnatally, the precise kinetics as well as the cellular and morphological basis of these
changes remains unidentified. This is particularly true in mice where, although they have
emerged as a primary mammalian model for studying the organization of the olfactory
system, little is understood regarding the developmental events that shape the
organization of PCX. We aim to develop a more comprehensive understanding of the
postnatal development of the aPC in order to provide insight into its function and
circuitry. While PCX is of interest as a model for the study of higher information
processing, we hypothesized that given the structural differences between this
paleocortex and the neocortex, their developmental courses are likely to differ. Most
notably, the PCX is a trilaminar cortex in contrast to the six-layered neocortex, and
sensory information is broadly distributed in PCX in contrast to the columnar
organization of most sensory cortices (35-37). Further, the olfactory epithelium and
olfactory bulb, which constitute the afferent input to the PCX, remain proliferative into
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adulthood, in contrast to the input structures of other sensory cortices (see (38) for
review).
In this thesis the cellular fates of early- versus late-born cells that reside in layer II
of the mouse aPC were first examined using timed BrdU injections at E12, E14, and E16.
We focused in particular on the molecular maturation of pyramidal cells and the kinetics
of their differentiation. We also examined the postnatal maturation of the aPC neuronal
network by analyzing the development of cortical lamination and the emergence of
inhibitory mechanisms by quantifying the number of GABAergic interneurons (GAD67GFP) and the density of inhibitory synapses. Given that inhibitory mechanisms develop
over the first three postnatal weeks (33), we hypothesized that the number of GABAergic
interneurons and density of inhibitory synapses would in turn increase over this time
period. Our study extends previous work and provides a more comprehensive
understanding of the crucial steps in the postnatal development of the aPC. Our data on
the kinetics of pyramidal cell molecular differentiation and development of the inhibitory
network have broad implications for the study of cortical development and the maturation
of neuronal networks in sensory cortices.

MATERIALS AND METHODS
Statement of author contributions
Amy Sarma performed all experiments and analyses, with the exception of the
analysis of the distribution of Tbr1+NeuN- versus Tbr1+NeuN+ cells (Fig. 2C-F) and of
E12- versus E14- born pyramidal cells within layer II (Fig. 4A-D), which were performed
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by Dr. Marion Richard. Throughout the course of the project, both Dr. Marion Richard
and Dr. Charles Greer closely advised Amy Sarma.
This thesis is adapted from the manuscript Sarma, A.A., Richard, M.B., and
Greer, C.A. 2010. Developmental Dynamics of Piriform Cortex. Cerebral Cortex. doi:
10.1093/cercor/bhq199. Sarma wrote the initial manuscript, which was then extensively
edited by all authors and which ultimately incorporated revisions suggested by three
anonymous reviewers. Sarma took all of the images and prepared all of the graphs used in
the figures except for the graphs used in Fig. 2C-F and Fig. 4A-D, which were prepared
by Dr. Richard. Using Sarma’s images and graphs, Dr. Richard laid-out the manuscript’s
figures in their final form.

Animals
CD1 (Charles River Laboratories, Wilmington, MA) and heterozygous GAD67-GFP
knock-in mice (39) were used at P0, P2, P4, P7, P10, P14, P21, P30, and P60 (day of
birth = P0). The GAD67-GFP mice were a kind gift from Dr. W. Chen (The University of
Texas Medical School at Houston). Genotypes of the GAD67-GFP mice were confirmed
by PCR. All animal care and use was approved by the Yale University Animal Care and
Use Committee.

Tissue processing
P0, P2, and P4 mice were rapidly decapitated and brains were removed from the skulls.
Brains were immersion fixed in 4% paraformaldehyde (PFA) in PBS (0.1M PhosphateBuffered Saline, pH 7.4) at 4°C overnight. Older postnatal mice (P7 to P60) were deeply
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anesthetized with pentobarbital and perfused transcardially with PBS containing 1
unit/mL heparin, followed by 4% PFA. All perfusions were kindly performed by Dolores
Montoya. Brains were removed from the skulls and post-fixed in the same fixative for 2
hours. After fixation, the tissue was washed in PBS overnight, cryoprotected in 15% and
30% sucrose in PBS at 4°C, embedded in OCT compound (Tissue-Tek; Bayer
Corporation), and snap frozen in a slurry of dry ice and ethanol. The aPC was serially
sectioned at 20µm in the coronal plane using a Reichart-Jung 2800 Frigocut E cryostat
and was distinguished from posterior PCX by the presence of the LOT and demarcated
from the neocortex by the rhinal fissure. Sections were thaw-mounted onto Superfrost
Plus microscope slides (Thermo Fischer Scientific), air dried, and stored at -20°C until
use.

Immunostaining
Tissue sections were air-dried at room temperature, permeabilized in PBS-T (PBS with
0.3% Triton-X100) for 30 minutes, and blocked with 5% Bovine Serum Albumin (BSA,
Sigma Aldrich) in PBS-T at room temperature for 1 hour. Primary antibodies were
diluted in the blocking solution and applied to sections overnight at 4°C. Primary and
secondary antibodies used are detailed in Table 1. Sections were then rinsed in PBS-T for
10 minutes and twice in PBS for 10 minutes before they were incubated with secondary
antibodies for 2 hours at room temperature. DAPI (4’,6-diamino-2-phenylindole
dihydrochrolide) (1:1000, Invitrogen) and DRAQ5 (1:1000, Biostatus Ltd) were added to
the solution of secondary antibodies when needed to counterstain nuclei. Sections were
then rinsed in PBS-T followed by PBS, mounted with Gel/Mount mounting medium
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(Biomeda), and imaged with an epifluorescence microscope (OlympusBX51) and a laser
scanning confocal microscope (Leica TCS SL, Leica Microsystems).

Table1 : Primary and secondary antibodies
Antigen

Primary antibody
Secondary antibody
Source, host (ref)
Dilution Type
Source
Calretinin
Chemicon, mouse 1:400
Goat anti-mouse IgG1 Invitrogen
IgG1
Alexa488 or Donkey
(ref MAB1568)
anti-Mouse IgG 555
MAP2
Chemicon, chicken 1:500
Goat
anti-Chicken Invitrogen
(ref AB5543)
Alexa555 or 647
Tbr1
Abcam, rabbit
1:1000
Donkey
anti-rabbit Invitrogen
(ref ab31940)
Alexa555
NeuN
Chemicon, mouse 1:700
Goat anti-mouse IgG1 Invitrogen
IgG1
(ref
Alexa488 or 647
MAB377)
Gephyrin*
Synaptic Systems, 1:500
Goat anti-mouse IgG1 Invitrogen
mouse IgG1
Alexa488
(clone mAb7a)
BrdU
Accurate
1:300
Goat anti-rat Alexa 488 Invitrogen
Chemicals, rat (ref
OBT0030)
BLBP
Novus Biologicals, 1:5000
Goat anti-mouse IgG2b Invitrogen
mouse IgG2b (ref
Alexa 555
NBP-21049)
Cleaved
Cell
Signaling 1:100
Donkey
anti-rabbit Invitrogen
Caspase-3
Technology, rabbit
Alexa555
(ref 9661)
*
Sections were incubated with the anti-gephyrin primary antibody for 72 hours.
BrdU birth-dating protocol
Animals
Timed-pregnant CD1 females (Charles River Laboratories, Wilmington, MA) received
two i.p. injections (two hours apart) of 50 mg/kg of BrdU (5-Bromo-2-deoxyUridine,
Sigma) on E12, E14 or E16 (day of vaginal plug = E0). Two to four pregnant females

	
  

Dilution
1:1000
1:1000
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were injected for each gestational age group and pups were analyzed at several postnatal
ages ranging from P0 to P21.
BrdU immunostaining
Sections were air-dried at room temperature, treated with 0.025M HCl for 30 minutes at
65°C, cooled at room temperature for 10 minutes, rinsed in 0.1M Borate buffer (pH 8.5)
for 10 minutes and finally rinsed in PBS. Immunostaining was then resumed per the
protocol described above.

Quantitative analysis
Unless stated otherwise, analyses were performed on coronal sections through the anteroposterior axis of CD1 mice aPC at P0, P2, P4, P7, P10, P14, P21, P30, and P60. Three
sections were quantified and averaged per animal and three to five animals were analyzed
per age group for each analysis.
Pyramidal cell differentiation in layer II
Sections were immunostained for Tbr1 and NeuN and confocal images were taken of the
ventral-most portion of layer II using a 40X oil-immersion objective. 150-300 Tbr1+ cells
in this area were counted per section using ImageJ and classified according to their coexpression of NeuN. In order to analyze the distribution of subpopulations of pyramidal
cells within layer II, this layer was divided into five equally-thick sub-regions, with bin
n°1 representing the deepest sub-region and bin n°5 representing the most superficial. For
each cell population (Tbr1+NeuN- or Tbr1+NeuN+), results were expressed as the
percentage of cells located in each bin of the total number of cells in each population
(Fig. 2C-D). The curve fits that link individual bins are nonlinear regressions (third order
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polynomial) and were obtained with GraphPad Prism 4 software (GraphPad software).
For statistical analysis, we compared the percentage of cells located in the deep versus
superficial halves of layer II (Fig. 2E-F). The total numbers of cells counted were 404
and 172 Tbr1+NeuN- cells at P0 and P7 respectively, and 1680 and 1653 Tbr1+NeuN+
cells at P0 and P7.
Laminar thickness
Sections were immunostained for calretinin, Microtubule Associated Protein 2 (MAP2),
and DAPI and imaged using an epifluorescence microscope. Three equidistant lines
perpendicular to the surface of the cortical layers were drawn on each image, as shown in
Fig. 7B. The thickness of each layer was measured along these three lines using ImageJ
and averaged per section.
Laminar distribution of GAD67-GFP+ cells
Sections from GAD67-GFP mice were immunostained for calretinin and MAP2 and
imaged with an epifluorescence microscope. The GAD67-GFP+ cells in the LOT and
layer I of each section were counted using ImageJ. Adjacent sections were
immunostained for Tbr1 and both the Tbr1+ cells and GAD67-GFP+ cells in layer II were
counted. Sections were also stained for cleaved caspase-3 in order to determine the
amount of cell death occurring in the postnatal aPC.
Synaptic density
Sections were immunostained for gephyrin and imaged with a confocal microscope using
a 63X oil-immersion objective and 2.5X digital zoom. For each section, two randomlysampled, non-overlapping single plane images were taken from layer Ia, 2µm below the
tissue surface. In order to restrict the analysis to layer Ia, images were taken deep to the
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LOT at a distance that did not exceed the mean thickness of layer Ia previously measured
(see Fig. 7E). The intensity of the images was thresholded and puncta corresponding to
synapses were visually identified and counted with ImageJ by an experimenter blind to
the age of the animals. For each image, the synaptic density was measured in three
delineated regions of interest (size 13.4 x 13.4 µm) and averaged (Fig. 10A). When
nuclei or blood vessels occupied more than one-third of the region of interest selected,
the region was excluded from the analysis. The synaptic density reported for each animal
is an average of a total of six images per animal (three sections, two images each).
BrdU birth-dating protocol
Sections from pups born to BrdU-injected pregnant mice were immunostained for
BrdU/Tbr1/NeuN or BrdU/BLBP/DRAQ5.
Density of BrdU+ cells
Layer II of P0 and P7 animals injected at E12, E14, and E16 was imaged on an
epifluorescence microscope and the total number of BrdU+ cells in layer II and the area
of layer II were quantified with Image J.
Subpopulations analysis
Immunostained sections were scanned with a Leica confocal microscope using a 40X oilimmersion objective and 2X digital zoom through the entire thickness of the section and
BrdU+ cells were classified according to their co-expression of the other markers: Tbr1,
NeuN, or BLBP (see Fig. 1C and 5A). A minimum of 100 BrdU+ cells were counted per
animal from a minimum of three sections. The different categories of cells are presented
as a percentage of the total number of BrdU+ cells counted (Fig. 3). In an examination
solely of immature pyramidal cells present at P7, 100 Tbr1+NeuN- pyramidal cells were
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classified according to the presence or absence of BrdU co-expression in the aPC from
pups injected at E12, E14, and E16 (Fig. 4E).
To determine the distribution of E12- versus E14-born pyramidal cells within
layer II, the ventral-most portion of layer II was imaged with a Leica confocal
microscope using the 40X-oil immersion objective on sections from P7 animals
immunostained with BrdU, Tbr1, and NeuN. A total of 845 E12-born and 448 E14-born
cells were counted and classified according to the molecular markers expressed
(Tbr1+NeuN- or Tbr1+NeuN+) and their location within layer II (5 equal sub-regions as
described above for the localization of immature vs mature pyramidal cells) (Fig. 4A-B).
For statistical analysis, results were expressed as the percentage of cells in each
population located in the deep or superficial halves of layer II (Fig. 4C-D).
Statistical analyses
Data were graphed and statistical analyses were processed with GraphPad Prism 4
software (GraphPad software). Results are presented as mean ± s.e.m. A one-way
ANOVA was performed for most of the analyses, followed by Tukey’s multiple
comparison post-hoc tests. We used a two-way ANOVA when the effect of two factors
was tested (Fig. 1B and 5C). Unpaired two-tailed Student t-tests were used when only
two groups were compared. The level of significance was set at p < 0.05.

RESULTS
We analyzed the development of the aPC, focusing on the birth-dates of the cell
populations in layer II, the kinetics of their molecular differentiation, and the
establishment of inhibitory synaptic connections.
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Early versus late-born cells in layer II.
To determine the birth-date of layer II cells, we injected BrdU at E12, E14, or E16
and analyzed the density of BrdU+ cells in layer II at P0 and P7. Layer II was identified
as the layer of densely-packed cell bodies visualized with DAPI. Cell birth-date had a
significant effect on BrdU+ cell density in layer II at P0 and P7 (F2,12 = 92.08, p <
0.0001), with a significantly greater density of cells born at E12 (3951.02 ± 206.95
cells/mm2 at P0; 2227.79 ± 402.94 cells/mm2 at P7) than at E14 (705.85 ± 94.77
cells/mm2 at P0, p < 0.001; 1050.84 ± 177.13 cells/mm2 at P7, p < 0.01) or E16 (286.02 ±
90.02 cells/mm2 at P0, p < 0.001; 434.36 ± 76.82 cells/mm2 at P7, p < 0.001) (Fig. 1B).
To determine the fate of cells born on these specific embryonic days, aPC sections
from P7 pups were immunostained for BrdU, Tbr1 (a marker of post-mitotic
glutamatergic neurons used to identify pyramidal neurons (40, 41), and NeuN (a
ubiquitous neuronal marker (42)). Cells were classified as non-neuronal cells (BrdU+),
non-pyramidal neurons (BrdU+NeuN+) or pyramidal neurons (BrdU+Tbr1+ or
BrdU+Tbr1+NeuN+) (Fig. 1C). Birth-date significantly affected the relative percentages of
pyramidal neurons (F2,12 = 99.94, p < 0.0001), non-pyramidal neurons (F2,12 = 120.0, p <
0.0001), and non-neuronal cells (F2,12 = 50.32, p < 0.0001) (Fig. 1D-F). A greater
percentage of cells born at E12 (95.05 ± 0.73%) and E14 (90.03 ± 0.29%) became
pyramidal neurons as compared to E16 (43.25 ± 4.89%, p < 0.001, Fig. 1D). In contrast, a
greater percentage of E16-born cells (24.09 ± 1.64%, p < 0.001, Fig. 1E) became nonpyramidal neurons as compared to E12-born (3.53 ± 0.48%) or E14-born cells (6.75 ±
0.36%). Similarly, a greater percentage of E16-born cells (32.66 ± 4.27%, p < 0.001, Fig.
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1F) became non-neuronal cells as compared to E12-born (1.43 ± 0.29%) or E14-born
cells (3.23 ± 0.23%).
In conclusion, most layer II cells of aPC born at earlier stages (E12 and E14) are
fated to become pyramidal cells, while half of the cells born later (E16) become either
non-pyramidal or non-neuronal cells.

FIGURE 1

Figure 1: Early versus late-born cells in layer II.
(A) BrdU-labeled cells in layer II (outlined) at P0. (B) Density of BrdU+ cells in layer II
at P0 and P7. n = 3 animals per injection time point and per age. (C) Examples of the
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different

cell

subpopulations

(BrdU+,

BrdU+/NeuN+,

BrdU+/Tbr1+,

or

BrdU+/Tbr1+/NeuN+) identified on an E12-injected P0 section. (D) Percent of BrdUlabeled pyramidal neurons (BrdU+/Tbr1+ or BrdU+/Tbr1+/NeuN+) at P7. (E) Percent of
BrdU-labeled non-pyramidal neurons (BrdU+/NeuN+) at P7. (F) Percent of BrdU-labeled
non-neuronal cells (BrdU+) at P7. Asterisks signify that E12 was significantly different
from E14 and E16 in B (two-way ANOVA followed by Tukey’s post-hoc tests) and that
E16 was significantly different from E12 and E14 in D-F (one-way ANOVA followed by
Tukey’s post-hoc tests). n = 5 animals per injection time point. **, p < 0.01; ***, p <
0.001. Scale bars = 100µm in A, 20µm in B.

Postnatal molecular differentiation of pyramidal cells.
Pyramidal cells are the projection neurons of the aPC and constitute the main
neuronal population present in layer II. We followed the molecular differentiation of
pyramidal cells with two different markers: Tbr1 and NeuN. Interestingly, some
pyramidal cells expressed Tbr1 but not NeuN (Fig. 2A, arrows). The percentage of
pyramidal cells that were Tbr1+NeuN- changed significantly with development (F5,12 =
84.81, p < 0.0001, Fig. 2B), decreasing continuously over the first two postnatal weeks
from 24.31 ± 2.31% at P0 to 9.17 ± 1.03% at P7 (p < 0.0001), and ultimately reaching
1.23 ± 0.51% at P14 (p < 0.01). Almost none of the Tbr1+NeuN- cells persisted after P14,
with 0.07 ± 0.07% at P60.
The distribution of the Tbr1+NeuN- pyramidal cells within layer II was examined
at P0 and P7, the ages at which these cells were most numerous. Layer II was divided
into five equal sub-regions, with bins n°1 and n°5 representing the deepest and most
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superficial sub-regions of layer II, respectively (Fig. 2C-D). At P0, Tbr1+NeuN- cells
were preferentially distributed in the deeper regions (bins 1-4) and avoided the most
superficial part of layer II (bin 5), while Tbr1+NeuN+ cells were uniformly distributed
across all bins (Fig. 2C). The preferential distribution of Tbr1+NeuN- cells in the deeper
part of layer II was more pronounced at P7 (Fig. 2D). When the percentages of cells
located in the deeper and superficial halves of layer II were compared, significantly more
Tbr1+NeuN- pyramidal cells were located in the deeper half of layer II at both P0 and P7
(p = 0.0442 at P0 and p = 0.0057 at P7; Fig. 2E1 and F1). While the Tbr1+NeuN+
population was evenly distributed at P0 (Fig. 2E2), a significantly greater percentage of
Tbr1+NeuN+ cells were located in the deeper half of layer II at P7 (p = 0.0014; Fig. 2F2).
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FIGURE 2

Figure 2: Postnatal molecular differentiation of pyramidal cells.
(A) Some pyramidal cells (arrows) expressed Tbr1 but not NeuN in layer II. (B) Decrease
in the percentage of NeuN- pyramidal cells during postnatal development. Asterisks (*)
denote groups significantly different from P14-P60 while the pound (#) sign signifies a
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significant difference from P7 (one-way ANOVA followed by Tukey’s post-hoc tests).
(C-D) Distribution of immature (Tbr1+NeuN-) and mature (Tbr1+NeuN+) pyramidal cells
within the thickness layer II at P0 (C) and P7 (D). Layer II was divided into five equallythick sub-regions (called bins), and bin n°1 represents the deepest part of layer II. (E-F)
Distribution of Tbr1+NeuN- (E1 and F1) and Tbr1+NeuN+ (E2 and F2) pyramidal (Pyr)
cells in the deep versus superficial halves of layer II at P0 (E) and P7 (F). n = 3 animals
per age. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ###, p < 0.001. Unpaired two-tailed
Student t-tests. Scale bar = 50µm.

To test the hypothesis that the Tbr1+NeuN- cells are immature pyramidal cells that
will eventually express NeuN and study the kinetics of this maturation sequence, we
combined cell birth-dating by BrdU injection (E12, E14, E16) with markers of pyramidal
cell maturation (Tbr1 and NeuN). BrdU-labeled layer II cells were classified as BrdU+,
BrdU+NeuN+, BrdU+Tbr1+, or BrdU+Tbr1+NeuN+ for each postnatal age, as shown in
Fig. 1C.
A small percentage of E12-born cells were BrdU+ (2.41 ± 0.47 %, Fig. 3A1) or
BrdU+Tbr1+ (4.51 ± 2.11%, Fig. 3A2) at P0. These percentages did not change between
P0 and P7 (Fig. 3A1-A2). The majority of E12-born cells were BrdU+Tbr1+NeuN+ at P0
(86.36 ± 2.11%, Fig. 3A3), and this percentage increased over the first postnatal week,
comprising 91.67 ± 0.85% of BrdU-labeled cells by P7 (p = 0.0482).
A small percentage of E14-born cells were BrdU+ (18.19 ± 5.20%, Fig. 3B1) or
BrdU+Tbr1+ (7.6 ± 1.28%, Fig. 3B2) at P0 and these two percentages changed
significantly with postnatal development (F2,12 = 7.841, p = 0.0066, Fig. 3B1 and F2,12 =
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6.219, p = 0.0140, Fig. 3B2). The percentage of BrdU+ cells dropped during the first
postnatal week from 18.19 ± 5.20% at P0 to 3.23 ± 0.23% at P7 (p < 0.05), after which
this population remained stable. The percentage of BrdU+Tbr1+ cells declined
progressively over the first two postnatal weeks, decreasing significantly from 7.6 ±
1.28% at P0 to 2.41 ± 0.62% by P14 (p < 0.05). The majority of E14-born cells were
BrdU+Tbr1+NeuN+ at P0 (50.10 ± 7.07%, (Fig. 3B3) and this percentage changed
significantly with development (F2,12 = 24.03, p < 0.0001); the percentage of
BrdU+Tbr1+NeuN+ cells increased from P0 to P7 (p < 0.001), and stabilized thereafter,
representing 86.44 ± 1.66% of E14-born cells by P14.
In contrast to E12 and E14-born cells, the majority of E16-born cells were BrdU+
(69.25 ± 8.23 %, Fig. 3C1) at P0. The percentage of BrdU+ cells changed significantly
during postnatal development (F6,24 = 12.38, p < 0.0001, Fig. 3C1); there was a reduction
over the first postnatal week, with a notable decrease from P0-P2 to P7 (p < 0.05). After
P7, the BrdU+ population remained stable, representing 18.54 ± 3.93% of E16-born cells
at P21. The percentage of BrdU+Tbr1+ cells also changed developmentally (F6,24 = 10.77,
p < 0.0001, Fig. 3C2). This population increased over the first postnatal week and peaked
at P7, representing 28.14 ± 3.85 % of the E16-born cells. Over the second postnatal week,
the BrdU+Tbr1+ cell population declined, with a significant decrease between P7 and
P14-P21 (p < 0.05), and ultimately represented a relatively small percentage of E16-born
cells by P21 (5.32 ± 0.52 %). Finally, the percentage of BrdU+Tbr1+NeuN+ cells also
changed during postnatal development (F6,24 = 29.16, p < 0.001, Fig. 3C3). This
population gradually increased over the first and second postnatal weeks, with a
significant increase from 1.40 ± 0.41 % at P0 to 15.11 ± 1.90 % at P7 (p < 0.01) and
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39.77 ± 6.13 % at P14 (p < 0.001). After P14, the BrdU+Tbr1+NeuN+ cell population
reached a plateau, representing 43.08 ± 13.66 % of E16-born cells at P21.

FIGURE 3

Figure 3: Postnatal molecular differentiation of layer II pyramidal cells according to
their birth-date.
Postnatal changes in the percentages of E12- (A), E14- (B) and E16-born cells (C)
classified as BrdU+ (A1, B1, C1), BrdU+/Tbr1+ (A2, B2, C2) or BrdU+/Tbr1+/NeuN+ (A3,
B3, C3). Asterisks signify a significant difference between marked groups and P0 (A1-
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B3). Unpaired two-tailed Student t-tests in A and one-way ANOVA followed by
Tuckey’s post-hoc tests in B and C. (C1) Asterisks signify a significant difference
between marked groups and P7-P21, while the pound sign denotes a significant
difference between the marked group and P4. (C2) Asterisks signify that P7 was
significantly different from P0-P4 and P14-P21. Not all significant post-hoc tests are
shown. (C3) Striped groups denote those that were significantly different from P14-P21
(p < 0.05) and asterisks signify a significant difference between the marked groups and
P10. n = 3-5 animals per age for each injection time point. *, p < 0.05; **, p < 0.01; ***,
p < 0.001.

Collectively, these results show that the molecular differentiation of pyramidal
cells involves the successive expression of Tbr1 and NeuN. Interestingly, the kinetics of
this differentiation seemingly depends on the birth-date of the pyramidal cells, with earlyborn cells (E12 and E14) differentiating more rapidly than late-born E16 cells (see Fig.
11 and Discussion).
Having demonstrated that cell-birth date affects the kinetics of pyramidal cell
maturation, we next asked if it also determined the position of pyramidal cells within
layer II, as suggested by [3H]thymidine labeling (22). Therefore, we classified E12- and
E14-born layer II pyramidal cells based on their molecular phenotype, and then analyzed
their distribution at P7. These embryonic ages were chosen because significantly more
pyramidal cells were born on these days than at E16 (Fig. 1D). While E12-born
pyramidal cells (Tbr1+NeuN+/-) were evenly distributed throughout the thickness of layer
II at P7 (Fig. 4A and C1), a greater percentage of E14-born pyramidal cells tended to be
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located in the deeper half of layer II (Fig. 4B and D1; p = 0.0525). These results suggest
that cell birth-date markedly affects the position of pyramidal cells in layer II, with earlyborn (E12) cells settling homogeneously throughout layer II, and later-born (E14) cells
settling in the deeper part of layer II. When the distribution of immature (Tbr1+NeuN-) vs
mature pyramidal cells (Tbr1+NeuN+) born at E12 and E14 were analyzed separately at
P7, we found that immature pyramidal cells were significantly more numerous in the
deeper half of layer II (Fig. 4C2 and D2, p < 0.0001 for E12 and p = 0.0107 for E14) and
mature pyramidal cells were distributed uniformly in layer II (Fig. 4C3 and D3) whether
they were born at E12 or E14. These results demonstrate that within a population of
pyramidal cells born on the same day, cells that settle in the deeper portion of layer II are
still immature at P7, while cells in the superficial layer II are already mature, strongly
suggesting that positioning within layer II affects the kinetics of pyramidal cell
maturation. In addition, among the Tbr1+NeuN- cells detected at P7, the percentages of
cells born at E12, E14, and E16 were equivalent (28.18 ± 4.19%, 27.31 ± 3.90%, and
23.39 ± 5.90% respectively, Fig. 4E), further demonstrating that even though there may
be a preference for late-born pyramidal cells to settle deeper in layer II, a positional effect
delays the maturation of pyramidal cells, irrespective of birth-date.
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FIGURE 4

Figure 4: Pyramidal cell distribution in layer II based on birth-date
Distribution of E12- (A) and E14- (B) born pyramidal cells within the thickness of layer
II at P7. Layer II was divided into five equally-thick sub-regions (called bins) and bin n°1
represents the deepest portion of layer II. (C-D) Distribution of E12- and E14-born
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pyramidal (Pyr) cells within the deep and superficial halves of layer II (unpaired twotailed Student t-tests): cell populations analyzed are all pyramidal cells (C1, D1),
immature Tbr1+NeuN- (C2, D2) and mature Tbr1+NeuN+ pyramidal cells (C3, D3). (E)
Relative contribution of each birth-date (E12, E14, E16) to the population of immature
Tbr1+NeuN- pyramidal cells present at P7 (one-way ANOVA followed by Tuckey’s posthoc tests). n = 3 animals per injection time point. *, p < 0.05; ***, p < 0.001.

Postnatal differentiation of radial glia precursors.
We hypothesized that some of the BrdU+ cells that did not co-express Tbr1 or
NeuN at early postnatal ages (BrdU+Tbr1-NeuN- cells, abbreviated as BrdU+) were radial
glia precursors. To confirm this phenotype, we stained aPC sections for Brain Lipid
Binding Protein (BLBP), a marker expressed ubiquitously by radial glia postnatally (43,
44). We conducted this analysis on E16-injected pups because this group had the highest
percentage of BrdU+ cells during the first postnatal week (see Fig. 3). BrdU-labeled cells
were categorized according to their co-expression of BLBP as shown in Fig. 5A. The
percentage of BrdU+BLBP+ cells changed significantly during development (F5,15 =
10.48, p = 0.0002, Fig. 5B). This population decreased between P0 and P2 (p < 0.05)
from 64.63 ± 2.60% to 40.03 ± 6.51% and remained stable thereafter. We then compared
the percent of BrdU+Tbr1-NeuN- cells (Fig. 3C1) from the neuronal marker analysis to
the BrdU+BLBP+ cells from this analysis, with the hypothesis that if they indeed
represent a single cell population, these percentages would be identical at each postnatal
age. A two-way ANOVA showed a significant effect of age and cell marker (F5,37 =
17.79, p < 0.0001 and F1,37 = 10.31, p = 0.0027, Fig. 5C). At all the ages excluding P2,
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there was no difference between the BrdU+Tbr1-NeuN- population and the BrdU+BLBP+
population (e.g. 69.25 ± 8.23% for BrdU+Tbr1-NeuN- cells vs 64.63 ± 2.60% for
BrdU+BLBP+ cells at P0; 27.21 ± 2.65% vs 29.85 ± 4.65% at P14). However, at P2, the
percentage of BrdU+BLBP+ cells (40.03 ± 3.76%) was significantly lower than that of the
BrdU+Tbr1-NeuN- cells (65.93 ± 1.59 %, p < 0.01), indicating that the percentage of
BrdU+BLBP+ cells decreased earlier than the percentage of BrdU+Tbr1-NeuN- cells. This
is consistent with our hypothesis that the BrdU+Tbr1-NeuN- cells are radial glia
precursors, some of which transition from a radial glial phenotype to a neuronal
phenotype, down-regulating BLBP before expressing Tbr1.
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FIGURE 5

Figure 5: Postnatal differentiation of radial glia precursors.
(A) Example of the two cell subpopulations (BrdU+/BLBP+ arrow, and BrdU+/BLBParrowhead) identified on an E16-injected P0 section. (B) Postnatal changes in the
percentage of BrdU+/BLBP+ cells. Asterisks signify a significant difference between P0
and P2-P14 (one-way ANOVA followed by Tuckey’s post-hoc tests). (C) Comparison of
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the percentage of the BrdU+/NeuN-/Tbr1- and BrdU+/BLBP+ cell populations. Asterisks
denote a significant difference between these two populations at P2 (two-way ANOVA
followed by Tuckey’s post-hoc tests). Scale bar = 50µm. n = 3-5 animals per age. *, p <
0.05; **, p < 0.01.

Postnatal maturation of interneurons in layer II.
Interneurons were identified by the expression of NeuN but not Tbr1 (BrdU+Tbr1NeuN+, abbreviated BrdU+NeuN+). The BrdU+NeuN+ population represented a minority
of E12-born cells, and significantly decreased from 6.72 ± 1.06% at P0 to 3.53 ± 0.48%
at P7 (Fig. 6A, p = 0.0251). In contrast, a relatively high proportion of E14- and E16born cells were BrdU+NeuN+ at P0 (24.10 ± 3.32% for E14-born cells and 28.43 ± 9.67%
for E16 born cells, Fig. 6B-C). The percentage of BrdU+NeuN+ cells born on E14
significantly changed developmentally (F2,12 = 23.25, p < 0.0001, Fig. 6B), decreasing
over the first postnatal week from 24.10 ± 3.32% at P0 to 6.75 ± 0.36% at P7 (p < 0.001).
However, the percentage of BrdU+NeuN+ cells born on E16 remained stable during
postnatal development (Fig. 6C).
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FIGURE 6

Figure 6: Postnatal maturation of layer II interneurons.
Postnatal changes in the percentages of E12- (A), E14- (B) and E16-born (C)
BrdU+/NeuN+ cells. Asterisks signify a significant difference between the marked group
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and P0 (A-B). Unpaired two-tailed Student t-tests in A and one-way ANOVA followed
by Tuckey’s post-hoc tests in B and C. n = 3-5 animals per age. *, p < 0.05; **, p < 0.01.

Postnatal development of the laminar organization of the aPC.
The development of the aPC involves the increased arborization of the pyramidal
cell dendrites and establishment of the synaptic network. This can be analyzed through
the study of the laminar organization of the developing aPC. To do so, we used three
markers—calretinin, Microtubule Associated Protein 2 (MAP2), and DAPI—which
enabled us to delineate the aPC layers from P0 to P60. MAP2 identified dendrites (45,
46) that span the entirety of layer I. Calretinin labeled mitral cell axons (47), which
comprise the LOT and extend through layer Ia, where they synapse with dendrites of
pyramidal cells and interneurons (3, 4). Thus, the LOT was identified as the area that
stained only for calretinin, and layer Ia as the area where calretinin and MAP2 were both
detected (Fig. 7A-B). Since LOT axons do not extend further into layer Ib (21), layer Ib
was defined as the region that stained only for MAP2. Layer II was identified as the layer
of densely-packed cell bodies visualized with DAPI Since layer III lacks a distinct
anatomical boundary at its medial aspect (16), we restricted our analysis to the LOT,
layer I, and layer II. The thickness of the aPC increased during postnatal development
(from P0 to P60), as shown in Fig. 7A. The total thickness of the aPC (from the LOT
through layer II) more than doubled from 213.72 ± 15.32 µm at P0 to 494.97 ± 32.76 µm
at P60 (F7,19 = 13.56, p < 0.0001). We analyzed the evolution of each aPC layer
independently and concordant with the increase in total cortical thickness, all of the
component layers of the aPC increased in thickness between P0 and P60 (Fig. 7C-G). The
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thickness of the LOT changed significantly during development from 60.82 ± 0.45 µm at
P0 to 161.35 ± 15.76 µm at P60 (F7,19 = 18.76, p < 0.0001, Fig. 7C). This increase
occurred in two steps: an initial increase after the first postnatal week, with a significant
difference between P7 and P30 (p < 0.05), followed by a second increase between P30
and P60 (p < 0.05).
The thickness of layer I also changed significantly from 76.40 ± 12.86 µm at P0 to
204.89 ± 8.97 µm at P60 (F7,19 = 15.99, p < 0.0001, Fig. 7D). This increase occurred
between P2 and P4 (p < 0.01), after which the thickness of layer I remained stable.
However, the subdivision of layer I into layers Ia and Ib did not emerge until P7, as
shown in Fig. 7A. From P7 onwards, the thickness of layer Ia increased significantly
from 127.38 ± 21.27 µm at P7 to 164.11 ± 14.4 µm at P30 (F7,19 = 15.99, p = 0.0135, Fig.
7E), while the thickness of layer Ib remained stable (Fig. 7F). Finally, the thickness of
layer II significantly increased from 76.50 ± 2.90 µm at P0 to 128.72 ± 8.45 µm at P60
(F7,19 = 3.479, p = 0.0143, Fig. 7G). This increase occurred more gradually, with a
significant difference emerging between P0 and P30-P60 (p < 0.05).
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FIGURE 7

Figure 7: Postnatal development of the laminar organization of the aPC.
(A) Development of the laminar organization of the aPC from P0-P60 visualized by
immunostaining for Calretinin, MAP2 and DAPI. (B) Schematic of the method used to
measure the thickness of each cortical layer using three lines perpendicular to the cortical
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surface. (C) Postnatal changes in the LOT thickness. The asterisks (*) denote groups
significantly different from P0 and the pound sign (#) signifies a significant difference
from P2-P7. P60 (striped) was significantly different from all of the other ages (p < 0.05).
(D) Postnatal changes in the thickness of layer I. Striped groups highlight those
significantly different from P0 and P2 (p < 0.01). (E) Postnatal changes in the thickness
of layer Ia. The asterisk denotes a significant difference from P7 (p < 0.05). (F) Postnatal
stability of the thickness of layer Ib. (G) Postnatal changes in the thickness of layer II.
P30 and P60 (striped) were significantly different from P0 (p < 0.05). One-way ANOVA
followed by Tuckey’s post-hoc tests (C-G). Scale bars = 100µm in A and B. n = 3-4
animals per age. *, p < 0.05. LOT, Lateral Olfactory Tract.

Postnatal changes in the interneuron population.
To examine developmental changes in the number and distribution of
interneurons in the aPC, we used a GAD67-GFP mouse line (39) to identify GABAergic
interneurons and quantified the GAD67-GFP+ cells in the LOT, layer I, and layer II.
Sections were also stained for calretinin and MAP2 to delineate the layers, as described
in the previous section (Fig. 8A).
The number of GAD67-GFP+ cells in the LOT (F7,17 = 7.682, p = 0.0003, Fig. 8B)
and layer I (F7,17 = 4.440, p = 0.0057, Fig. 8C) changed significantly with development.
The number of GAD67-GFP+ cells in the LOT initially increased between P0 and P2 (p <
0.05), reaching a maximum of 14.33 ± 4.68 cells per section at P2 (Fig. 8B). The number
of interneurons then decreased significantly between P2 and P7 to 4.44 ± 0.48 cells per
section (p < 0.05). By the second postnatal week, the GAD67-GFP+ population had
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stabilized in the LOT, reaching 2.22 ± 0.11 cells per section at P60. In layer I, the number
of GAD67-GFP+ cells peaked at P2 (47.11 ± 7.14 cells per section), after which it
decreased to 20.00 ± 4.98 cells per section by P14 (p < 0.05, Fig. 8C). By the second
postnatal week, the number of interneurons had stabilized, and reached 15.11 ± 4.04 cells
per section at P60. Layer II contained the highest number of interneurons and this number
also changed significantly with development (F7,16 = 11.96, p < 0.0001, Fig. 8D-E). The
number of GAD67-GFP+ cells peaked at P2 with 112.78 ± 24.11 cells per section, and
significantly declined between P4 and P7 to 31.89 ± 3.38 cells per section (p < 0.01). It
remained stable after the first postnatal week, with 20.67 ± 1.35 cells per section in layer
II at P60.
In summary, the total number of GAD67-GFP+ cells in all of the layers examined
changed significantly with development (F7,16 = 12.97, p < 0.0001, Fig. 8F), peaking at
P2 with 174.22 ± 32.63 cells per section, and then decreasing significantly between P4
and P7 (p < 0.05). After the first postnatal week, the total number of GAD67-GFP+ cells
stabilized, with 47.67 ± 1.35 cells per section at P60. In order to determine whether the
decrease in the GAD67-GFP+ cells was a consequence of cell death, we stained sections
for cleaved caspase-3, a protein that is activated during apoptosis (48). Massive cell death
was not observed in the aPC at any of the postnatal ages (Fig. 9).
To quantify pyramidal cells in layer II, adjacent aPC sections were stained for
Tbr1 (Fig. 8D). In contrast to the interneurons, the Tbr1+ pyramidal cell population
remained stable in layer II throughout development (Fig. 8G). Consequently, the ratio of
GAD67-GFP+ interneurons to Tbr1+ pyramidal cells in the aPC changed developmentally
(F7,16 = 18.59, p < 0.0001, Fig. 8H). This ratio decreased significantly during the first
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postnatal week from 0.34 ± 0.04 at P2 to 0.15 ± 0.04 at P7 (p < 0.001), and was further
reduced over the second postnatal week, with a ratio at P14 (0.09 ± 0.01) that was
significantly lower than at P4 (p < 0.01). After P14, the ratio of GAD67-GFP+ to Tbr1+
cells remained stable, with a ratio of 0.10 ± 0.02 at P60 (1 interneuron : 10 pyramidal
cells).
In conclusion, a significant reduction in the ratio of interneurons to pyramidal
cells occurred in the developing aPC during the first and second postnatal weeks.

FIGURE 8

Figure 8: Developmental distribution of interneurons in the aPC.
(A) Postnatal development of the laminar distribution of GAD67-GFP+ cells in the LOT
and layer I. (B) Number of GAD67-GFP+ cells in the LOT per section. Striped groups
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denote those significantly different from P2 and P4 (p < 0.05). (C) Number of GAD67GFP+ cells in layer I per section. (D) GAD67-GFP+ interneurons (arrows) and Tbr1+
pyramidal cells in layer II (outlined) from P0 to P60. (E) Number of GAD67-GFP+ cells
in layer II per section. The asterisk indicates that P0 was significantly different from P30P60. P2 and P4 (striped) were significantly different from P7-P60 (p < 0.05). (F) Number
of GAD67-GFP+ cells in all of the aPC layers (LOT through layer II). Striped groups
denote those significantly different from P14-P60 (p < 0.05) and the asterisk signifies a
significant difference from P2-P4. (G) Number of Tbr1+ cells in layer II per section. (H)
Ratio of GAD67-GFP+ interneurons to Tbr1+ cells in the entire aPC. Stripes denote
groups significantly different from P14-P60 (p < 0.01) and the asterisk denotes a
significant difference from P0-P2. Scale bars = 100µm in A and D. n = 3 animals per age.
One-way ANOVA followed by Tuckey’s post-hoc tests in B-C and E-H. *, p < 0.05.
LOT, Lateral Olfactory Tract.

FIGURE 9
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Figure 9: No evidence of massive cell death in the postnatal aPC.
P0 section of aPC (dashed box) and surrounding cortical structures immunostained with
DAPI (A) and cleaved caspase-3 (B). Dorsal structures are at the top and medial
structures to the right of the image. Scale bars = 200µm.

Postnatal changes in inhibitory synapse density.
Electrophysiological analyses suggest that cortical inhibition increases over the
first three postnatal weeks in rat (33). We hypothesized that although we found a
developmental decrease in the number of GAD67-GFP+ cells in the aPC, the density of
inhibitory synapses may nonetheless increase. To test this hypothesis, we examined the
postnatal changes in the density of inhibitory synapses in layer Ia. We identified
inhibitory synapses using immunostaining for gephyrin, an anchoring protein found at the
post-synaptic density of GABAergic synapses and involved in the clustering of GABA
and

glycine

receptors

(49).

Immunostaining

for

gephyrin

revealed

discrete

immunoreactive puncta that could be visually identified and quantified (Fig. 10A). Prior
to P7, layer Ia could not be delineated (Fig. 7A), nor did we detect gephyrin expression.
We thus restricted our analysis to P7, P14, and P60. The density of gephyrin-positive
puncta increased significantly with age, from 17.44 ± 1.19 puncta/100µm2 at P7 to 26.58
± 1.07 puncta/100µm2 at P60 (F2,8 = 13.87, p = 0.0025, Fig. 10B). This increase
progressed late into development, as the density of inhibitory synapses was significantly
higher at P60 than at P7 or P14 (p < 0.05). Our data thus show that the density of
inhibitory synapses increases relatively late during postnatal development, between P14
and P60.

	
  

	
   38	
  
FIGURE 10

Figure 10: Postnatal changes in inhibitory synapse density.
(A) Inhibitory synapses in layer Ia were visualized by immunostaining for gephyrin (e.g
at P60). Three regions of interest were selected to count gephyrin-positive puncta. (B)
Density of gephyrin-positive puncta (labeled “4”) in layer Ia per 100µm2. Scale bars =
20µm in A1, 2µm in A2. n = 3-4 animals per age. One-way ANOVA followed by
Tuckey’s post-hoc tests. *, p < 0.05.

DISCUSSION
Here, we identified pivotal developmental changes that contribute to the postnatal
maturation of the aPC with regard to the kinetics of pyramidal cell molecular
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differentiation, the establishment of cortical lamination, and the maturation of the
inhibitory network. These data have broad implications for understanding odor
processing in the early postnatal PCX, as well as understanding the ontogeny of
trilaminar paleocortices.

Development of the aPC parallels neocortical development.
Neurogenesis extends from E11 to E17 in the mouse neocortex (see (50) for
review). Pyramidal neurons are generated in the ventricular and subventricular zones and
migrate radially to their final laminar position in the cerebral cortex. Genesis and
migration occur in an inside-out distribution based on a cell’s date of birth such that lateborn neurons migrate past early-born neurons (31, 50, 51). In contrast, GABAergic
interneurons are a very heterogeneous population; they are generated in the ganglionic
eminences during the latter portion of the neurogenic phase (E13.5 - E15.5) and migrate
tangentially to their ultimate position in the neocortex (see (52, 53), for reviews). Glial
cells are born around E18-E19, concomitantly with the end of neurogenesis (54-56).
Previous developmental work in PCX suggested similarities to neocortical development.
Injections of [3H]thymidine in E14 to E22 timed-pregnant rats revealed that significantly
more early-born cells settle in layer III as opposed to layer II, reminiscent of the insideout development of the neocortex (9, 22). By combining, for the first time, specific
molecular markers that enabled us to definitively identify populations of cells, with our
BrdU analyses to establish birth-date, we provide here a new perspective on these data.
We demonstrate that cell birth-date significantly affects not only the laminar position of
cells but also their cellular fate (Fig. 1): 1) a significantly greater proportion of layer II
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cells are born at E12 than at either E14 or E16; 2) a large majority of early-born cells
(E12 and E14) preferentially differentiate into pyramidal neurons while late-born cells
(E16) differentiate into either non-pyramidal neurons (presumably interneurons) or nonneuronal cells (presumably glia). Our results showing the sequential generation of
pyramidal cells, interneurons, and glia in the aPC demonstrate the conservation of a
fundamental developmental chronology in both paleo- and neocortex.

Molecular differentiation of pyramidal cells.
Kinetics of the molecular differentiation
Although there has been a focus on the synaptic connectivity of the PCX
pyramidal cells and their role in odor processing, little attention has been paid to their
molecular differentiation. Englund et al. (2005) describe for the neocortex the sequential
expression of three transcription factors in the differentiation of radial glia to intermediate
progenitor cells to postmitotic pyramidal cells: Pax6  Tbr2  Tbr1. This sequence is
observed in the embryonic cerebral cortex, adult dentate gyrus, and developing
cerebellum, suggesting that it is conserved across cortical regions during both embryonic
and adult neurogenesis (see (40) for review). Although the role of radial glia as a scaffold
for neuronal migration is well understood (see (57) for review), their potential role as
neuronal precursors is not as well defined (41, 58, 59). In the E15.5 rat neocortex,
transient co-expression of BLBP and the neuronal marker 5A5/E-NCAM has been
described in radial glia, suggesting that these cells give rise to glutamatergic neuronal
cells (60). In the adult mouse PCX, NG2+/ PDGFRα+ oligodendroglial progenitor cells
express low levels of doublecortin, a marker of immature migratory cells, and
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differentiate into pyramidal cells that fully integrate into the neuronal network (61). Our
results suggest that some radial glia give rise to E16-born pyramidal cells in the aPC by
down-regulating expression of BLBP before expressing Tbr1 (Fig. 5).
Our analysis of the molecular differentiation of pyramidal cells in the aPC
identified a subset of pyramidal cells that postnatally expressed Tbr1 but not NeuN (Fig.
2A). These pyramidal cells were most abundant at P0, but disappeared after P14 (Fig.
2B). The loss of Tbr1+NeuN- cells is unlikely to result from cell death, because we did
not observe a significant number of apoptotic cells (stained for cleaved caspase 3) in the
aPC at any postnatal ages examined (Fig. 9). Similarly, only limited cell death was
previously reported in the postnatal PCX and neocortex (62, 63). Our data thus support
the alternative hypothesis that differentiating pyramidal cells successively express Tbr1
and then NeuN. The majority of the pyramidal cells are molecularly differentiated by P7
in mice, in parallel with their morphological maturation, which is almost adult-like by P8
in the rat PCX (9). Interestingly, 100% of Tbr1+ post-mitotic pyramidal cells already coexpress NeuN in the embryonic neocortex (41), suggesting that the kinetics of molecular
differentiation of pyramidal cells is slower in the aPC than in the neocortex.

Mechanisms regulating the kinetics of molecular differentiation
To identify the time required for aPC pyramidal cells to express Tbr1 and NeuN,
we examined the sequential expression of these neuronal markers in cells born at E12,
E14, and E16. For each population of cells, we determined the approximate number of
days after cell-birth required for half of the pyramidal cells to express the marker of
interest (either Tbr1 alone or both Tbr1 and NeuN) to the time required for all the
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pyramidal cells to express these makers (Fig. 11). Interestingly, we found that the laterborn E16 pyramidal cells required more time than the earlier-born E12 and E14 cells to
express both Tbr1 and NeuN from the day of cell birth. For the E12 and E14-born cells,
the majority of which were Tbr1+NeuN+ by P0, the time-frame for co-expression of Tbr1
and NeuN was similar, < 7-14 days and 5-12 days respectively (Fig. 11A-B). However,
E16-born cells required 10-17 days to express Tbr1 alone and 13-24 days to co-express
Tbr1 and NeuN (Fig. 11C). These data suggest that the kinetics of Tbr1 and NeuN
expression depends on the cell birth-date, with early-born pyramidal cells (E12 and E14)
differentiating more rapidly than late-born E16-pyramidal cells. It is possible that this
delay can also be accounted for by the time required for pyramidal cells to migrate from
the ventricular or subventricular zones to layer II of the aPC; early-born cells have a
shorter distance to migrate than the late-born cells because of the developmental increase
in brain volume. In support of this hypothesis, the density of E14- and E16-born cells
located in layer II increased between P0 and P7, suggesting that cells are still migrating
into layer II during the first postnatal week (Fig. 1B). Thus, because late-born cells have a
longer distance to travel, the perceived delayed maturation of these cells may result in
part because some are still migrating at early postnatal ages.
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FIGURE 11

Figure 11: Differential kinetics of pyramidal cell molecular differentiation based on
cell birth-date.
Schematic summarizing the onset of Tbr1 expression and co-expression of Tbr1 and
NeuN by cells born at E12 (A), E14 (B), and E16 (C). Dashed gray lines represent the
time period prior to the first analysis (P0), and black dashed lines represent presumed
marker expression after the last point of analysis. The dotted line represents expression of
Tbr1 only, while solid black lines represent co-expression of Tbr1 and NeuN. For each
marker, the range of days represents the day at which approximately half of the
pyramidal cells expressed the marker, to the earliest point of maximal expression (e.g. 512 days for co-expression of Tbr1 and NeuN by E14-born cells).

Finally, close examination of the position of immature vs mature pyramidal cells
within layer II suggested that the most superficially located pyramidal cells differentiate
more quickly, and revealed that immature pyramidal cells are preferentially distributed in
the deeper portions of layer II at P0 and P7 (Fig. 2C-D). These superficial layer II cells
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could correspond to the semilunar cells, known to be located in the superficial-most
aspect of layer II, and which exhibit firing properties and functions distinct from those of
pyramidal cells (1, 3, 6). It is very likely that semilunar cells express Tbr1, since we did
not identify a population of Tbr1-NeuN+ cells in the superficial-most aspect of layer II
(Fig. 2A). Our results thus suggest that semilunar cells have a distinct and more
accelerated maturation than other pyramidal cells in layer II. Unlike pyramidal cells,
semilunar cells lack basal dendrites and the spines of their apical dendrites are
concentrated mainly in layer Ia, suggesting that their development could be more heavily
influenced by afferent input than the more deeply-located pyramidal cells (7, 8).
Immature Tbr1+NeuN- pyramidal cells preferentially resided in the deeper half of
layer II at both P0 and P7, but this distribution pattern was more pronounced at P7 than at
P0 (Fig. 2). This suggests that immature pyramidal cells are initially uniformly
distributed within layer II and that the kinetics of further differentiation (i.e. expression of
NeuN) is influenced by their position: pyramidal cells located in the deeper portions of
layer II require more time to differentiate than those located more superficially.
Alternatively, the distribution of pyramidal cells in layer II may follow an “outside-in”
pattern whereby later-born cells settle more deeply in layer II than early-born cells, as
previously suggested by Bayer (1986) who found that cells located in the superficial
aspect of layer II (layer IIa) became unlabeled with [3H]thymidine before more deeply
positioned cells in layer IIb. Our finding that E12-born pyramidal cells are homogenously
distributed while E14-born cells tend to settle in the deeper half of layer II supports this
hypothesis (Fig. 4). However, if cell birth-date were the only determinant of cell position,
we would expect the immature Tbr1+NeuN- cell population to be composed primarily of
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late-born cells. On the contrary, E12-, E14-, and E16-born cells were equally represented
among the immature Tbr1+NeuN- pyramidal cells (Fig. 4E). In addition, even among the
evenly distributed E12-born pyramidal cells, the immature Tbr1+NeuN- pyramidal cells
were preferentially located deeper in layer II, while the mature Tbr1+NeuN+ pyramidal
cells were evenly distributed throughout the layer (Fig. 4). Collectively, our data provide
evidence that the delayed molecular differentiation of deep pyramidal cells in layer II is a
result of their position rather than birth-date. This delay may result from the greater
distance that the apical dendrites of deeply-located pyramidal cells must extend in order
to receive input in layer I, as compared to the more superficial cells of layer II. Indeed,
previous studies suggested the importance of afferent input to the survival of pyramidal
cells (62, 64-66) and the development of semilunar cell dendritic arborization (7),
suggesting that afferent input may be critical to pyramidal cell maturation as well.

Postnatal development of the laminar organization of the aPC.
To address pyramidal cell differentiation within the overall development of the
aPC, we next examined the emergence of the laminar organization of the aPC. We found
that the thickness of the entire aPC and its component layers increased postnatally,
although each layer had a specific developmental time-course (Fig. 7). Afferent and
intracortical fibers were heavily intermingled during the first postnatal days, with the
distinction between layers Ia and Ib only emerging at P7 in mouse, similar to previous
descriptions in rat (9, 21). In addition, while the full thickness of layer I was established
early, afferent input via the LOT continued to mature late into postnatal development,
extending the temporal framework of layer Ia development.
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An increase in the thickness of the LOT likely results from three synchronous
events: 1) increase in axon diameter (67); 2) increase in axonal branching (29, 68-70);
and 3) myelination (32, 67). LOT axons spread across the aPC surface and branch
numerous collaterals in the LOT before reaching layer Ia (29, 69). The myelination
process extends from ~P10 until the end of the first postnatal month, with the most rapid
expansion occurring between P10 and P15 (32), paralleling the time-course of changes in
LOT thickness we report here. LOT axon branching and myelination, along with the
ramification of pyramidal cell dendrites, likely contribute to the increase in layer I
thickness. In accord with the relatively late development of the thickness of layer Ia,
synaptogenesis in this layer is still incomplete by P10, with only 37% of adult synapse
density established by this age (32, 34).

Development of inhibitory mechanisms.
GABAergic interneurons are present in all layers of the aPC, where they modulate
the activity of pyramidal cells and contribute to odor coding (2, 13-17, 19). Different
subpopulations of GABAergic interneurons expressing specific molecular markers
(calbindin, parvalbumin, vasoactive-intestinal protein, somatostatin or combinations of
these) coexist in the adult aPC and display very distinct laminar distributions (2, 13, 14,
18). There appear to be relatively few interneuron subtypes in the aPC as compared to the
neocortex and hippocampus (13). We used GAD67-GFP mice to track GABAergic
interneurons during postnatal development since a previous study reported that 96% of
GABAergic cells in the posterior PCX were GAD67-GFP+ (18). Our results provide the
first demonstration that the number of GAD67-GFP+ cells decrease during the first
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postnatal week in the aPC, resulting in a significant decrease of the ratio of interneurons
to pyramidal cells (Fig. 8). Since this decrease is observed in all aPC layers, it likely
affects all of the interneuron subpopulations, although it is possible that each
subpopulation follows a distinct evolution.
GAD67-GFP+ cells in the LOT are likely guidepost cells, which are transiently
present to guide LOT axons (25, 71). However, the decrease in the number of GAD67GFP+ cells in layers I and II was unexpected. We did not observe massive cell death in
the postnatal aPC as assessed with staining against activated caspase-3 (Fig. 9), strongly
suggesting that apoptotic cell death is an unlikely explanation for the disappearance of
aPC interneurons after the first postnatal week. This is in agreement with data from the
mouse neocortex reporting that cell death is not a significant phenomenon during the first
postnatal week, affecting < 0.1% of cells, none of which were interneurons (63). Instead,
interneurons generated between E13.5 and E16.5 are found to migrate inwardly between
P0.5 and P7.5, resulting in a change in laminar position from the marginal zone to the
cortical plate (63). As in neocortex (72, 73), GABAergic interneurons located in the PCX
originate from the ganglionic eminences (mainly the caudal and medial divisions) (74,
75) and migrate over long distances to reach their final destination (52, 76). It is therefore
likely that many of the interneurons present in the aPC between P0 and P4 are migrating
to an ultimate position in either layer III, the posterior PCX, or another cortical region.
The percentages of both E12- and E14-born interneurons decrease over the first postnatal
week (Fig. 6), suggesting that these early-born interneurons are migrating out of aPC and
are responsible for the decrease in the total number of interneurons observed in layers I
and II during the first postnatal week. This migration flux, in concert with an increase in
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the area of layer II, might also be responsible for the decreased density of the total E12born cells between P0 and P7 (Fig. 1B).
As shown previously, cortical inhibition matures over the first three postnatal
weeks in the rat PCX (33). Similarly, GABAergic inhibition in the neocortex
progressively develops over the first postnatal month (e.g. (77-79), suggesting that the
late development of inhibitory mechanisms is a general feature of cortical circuitry. We
investigated the morphological basis of the increased inhibition in the postnatal aPC,
postulating that the density of inhibitory synapses would increase over the first postnatal
weeks. Before the number of interneurons stabilized (P7), we were unable to detect any
gephyrin staining and inhibitory synapses in layer Ia, in accordance with previous
ultrastructural analysis in rat PCX (80). The density of gephyrin-positive puncta in layer
Ia then increased between P7 and P60 (Fig. 10). The late increase in inhibitory synapse
density (between P14 and P60) parallels the progressive synaptogenesis in layer Ia (32,
34) and the late development of mature inhibition in the PCX reported by
electrophysiology studies (33).
In aggregate, these data demonstrate that many of the interneurons in the early
postnatal aPC make few if any synaptic connections and that the number of inhibitory
connections continues to increase relatively late into postnatal development. Thus, we
show here that as the interneurons mature throughout the first postnatal month, they form
an increasing number of synaptic connections, as suggested previously in rat (80). In
conclusion, our data demonstrate that the postnatal maturation of the inhibitory network
in the aPC does not proceed through an addition of GABAergic interneurons, but rather
via an increased density of inhibitory synapses.
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CONCLUSION
Here, we highlighted numerous postnatal events that shape the aPC. The
pyramidal cells in layer II differentiate over the first two postnatal weeks, sequentially
expressing Tbr1 and then NeuN. Late-born cells display delayed maturation, as do cells
residing in the deeper aspects of layer II. Late postnatal maturation of the aPC is
characterized by reduction in the number of GABAergic interneurons, while there is a
compensatory increase in inhibitory synapse density. While the development of the aPC
parallels that of the neocortex, our observations suggest that this is a unique structure,
especially regarding the development of pyramidal cells. Further study of the specific
developmental events that distinguish this three-layered cortex from six-layered cortex is
necessary, especially given recent interest in the PCX as a general model for cortical
sensory processing.

ABBREVIATIONS
aPC, anterior Piriform Cortex; BLBP, Brain Lipid Binding Protein; BrdU,
BromodeoxyUridine; DAPI, 4’,6-diamidino-2-phenylindole; E1, Embryonic day 1;
GAD67, Glutamic Acid Decarboxylase 67; GFP, Green Fluorescent Protein; LOT,
Lateral Olfactory Tract; MAP2, Microtubule Associated Protein 2; NeuN, Neuronal
Nuclei; P1, Postnatal day 1; PCX, Piriform Cortex; Tbr1, T-brain 1.
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